The application of NASA's Airspace Concept Evaluation System (ACES) Terminal Model Enhancement (TME), a fast-time airport surface simulation, to evaluate surface optimization techniques is discussed in this paper. This work supports a research effort to develop a better understanding of surface operation constraints and develop surface optimization techniques to increase capacity and reduce delay. There were five strategic optimization components integrated with ACES-TME: Taxiway Planner, Runway Planner, Gate Assigner, Runway Assigner, and Configuration Planner. The optimization components were evaluated using a Detroit Metropolitan Wayne County (DTW) Airport surface model and a 2006 traffic demand set. The collective impact of the Taxiway Planner and Runway Assigner provided the most benefit in terms of reducing taxi time and taxi delay.
As shown in Figure 2 above, five surface optimization components were included in the integrated simulation environment: Taxiway Planner, Runway Planner, Configuration Planner, Runway Assigner, and Gate Assigner. The optimization objective of the Taxiway Planner is to minimize taxi time, fuel burn, and emissions by controlling gate pushback time and creating conflict-free surface trajectories 2 . The optimization objective of the Runway Planner is to maximize runway throughput by controlling take-off and landing sequences and slot assignments 3 . The optimization objective of the Configuration Planner is to maximize airport capacity by controlling airport configuration and configuration change schedules 4 . The optimization objective of the Runway Assigner is to minimize emission costs in the terminal area by controlling runway assignments 5 . The optimization objective of the Gate Assigner is to minimize ramp congestion by controlling gate assignments 6 . When tested individually, each of these components has the potential to optimize surface operations and improve surface traffic management. However, equally important to assessing the individual benefits of these components is the task of assessing their collective impact. When combined together, do these optimization components have competing objectives? Are there synergistic or antagonistic effects when they are all operating within an integrated system? The advantage of testing and evaluating surface optimization algorithms in an integrated simulation environment is that these types of questions can be answered. This paper focuses on an integrated simulation environment that was used to evaluate surface optimization components. Section II includes a detailed description of the simulation environment, and Section III describes how the integrated simulation environment was used to model surface operations at Detroit Metropolitan Wayne County (DTW) Airport. Section IV includes the DTW surface optimization evaluation results that were obtained from this research effort. In Section V, a short summary and recommendations for future work are given. 
II. Simulation Environment
A new flexible fast-time airport surface simulation platform known as Terminal Model Enhancement (TME) was used to evaluate the surface optimization techniques. TME is an enhancement to the NASA Airspace Concept Evaluation System (ACES) simulation software and provides a high-fidelity simulation of traffic movement and traffic management in the terminal airspace and airport surface domains 7 . TME is an appropriate platform for evaluating the surface optimization techniques because it provides advanced airport-airspace modeling functionality based on 4-dimension (4D) trajectories and supports detailed analysis of concepts addressing future surface and terminal airspace operations. TME models terminal operations using Airport and TRACON Air Traffic Control (ATC), Traffic Flow Management (TFM) and flight agents (see Figure 3 ). TME uses a plug-and-play software architecture. This architecture allows researchers to plug-in selected components and study particular research focus areas without having to develop new agents. Figure 4 shows the main components of the TME Airport ATC agent. As illustrated in Figure 4 above, the Route Planner is a service used by the Traffic Controller to select routes for all flights in the system. The Route Planner can generate surface route plans for all flights active in or scheduled to be active in a user-configurable Airport ATC Planning Window 7 . The Route Planner can also access the flight repository and get detailed flight information, including gate pushback time, aircraft type, airline, etc. These features made the Route Planner the ideal plug-in component to use in the evaluation of surface optimization algorithms.
A. Integration of Optimization Components into the Simulation Environment
The TME plug-and-play software architecture enables researchers to insert new plug-in components and model alternative operating concepts. As described above, the Route Planner was selected as the ideal plug-in component to model the surface optimization concepts. Since the optimization algorithms evaluated as part of this research were developed independently as standalone components, and were written in a different programming language than TME, a Route Planner adapter was developed to transfer information between the algorithms and the simulation platform. The Route Planner adapter interfaced with TME and the external optimization components through a flatfile transfer system. The Route Planner adapter was designed to write simulation status information to a commadelimited text file and then suspend the simulation until a status response file was received. The Route Planner adapter initiated this file transfer system at 15 minute simulation time intervals and provided flight information for a two hour planning window. While the simulation was suspended, the optimization components were sequentially executed as standalone executables. The last component in the sequence generated the status response file, which was then processed by the adapter and translated into TME route plans. The acceptance of these new route plans initiated the next 15 minute simulation interval.
The Configuration Planner was not integrated with TME through the Route Planner adapter due to the fact that its optimization controls (i.e., initiate an airport configuration change) extended beyond the domain of the TME Airport ATC agent. A separate Airport Configuration adapter was developed in order for the Configuration Planner to interface with ACES-TME. The Airport Configuration adapter was executed before the Route Planner adapter and used a very similar flat-file transfer mechanism.
A shell script was developed to automate the I/O file transfers and sequential model executions, and archive the text files for the entire simulation run. The flowchart shown in Figure 5 below illustrates how the simulation runtime data and optimization model output information were propagated through the system via the flat-file transfer system. A critical element of this integration concept was the I/O protocol. As illustrated in the integration flowchart, the output file of one component was the input file for the subsequent component. Since the surface optimization components represented different aspects of the surface traffic operations system, each component required different flight information inputs. To ensure compatibility between each component, a standardized data file format was established so that all of the updated flight information could be passed back to ACES-TME for the next simulation interval.
The standardized data file included general simulation information, such as the current simulation time and current airport configuration, and included the number of planned and on-surface flights. In addition, each flight in the two hour planning window was described by a comma delimited flight detail line containing the following information: flight ID, airline flight number, airline, aircraft type, aircraft weight class, scheduled gate departure time, scheduled runway take-off time, scheduled runway landing time, scheduled gate arrival time, gate assignment, runway assignment, current position, route, fix, scheduled fix crossing time, tail connectivity flag, scheduled gate entry time, and scheduled gate exit time.
As mentioned previously, the optimization algorithms evaluated as part of this research were developed independently as standalone components. The independent design approach and sequential integration approach that was taken often resulted in incompatibilities and the need for iterative design modifications. As each component was added to the integrated simulation environment, new assumptions, inputs, outputs, and constraints had to be defined or existing ones had to be modified. For example, the scheduled fix crossing time was not part of the flight detail line before the Runway Assigner was added to the integrated simulation environment; nor was the Runway Planner updating the scheduled fix crossing time when making changes to the runway schedule. Both of these issues had to be addressed because of the input requirements that were specific to the Runway Assigner. The addition of the Configuration Planner introduced an array of new requirements, such as the ability of the Taxi Route Assigner to update routes in case a flight received a new runway assignment after a configuration change occurred, and the ability of the Runway Planner to identify which flights would be able to take-off/land under the existing configuration and which flights would be forced to use the new configuration.
In addition to establishing the requirements that defined how the optimization components would function as part of an integrated system, the operational assumptions defined within the simulation had to emulate those defined by the optimization components. For example, the speed limit restrictions input to TME had to be consistent with the speed limit assumptions used by the Taxiway Planner; otherwise, the Taxiway Planner would set taxi route Required Time of Arrivals (RTAs) that could not be simulated. As another example, the runway separation requirements defined in ACES had to be consistent with the runway separation requirements used by the Runway Planner.
The operating system for the simulation platform was Red Hat Enterprise Linux Server 5.4. The computer system consisted of two quad-core Intel Xeon E5440 processors running at 2.83 GHz with 32 gigabytes of RAM. The software packages used to run the surface optimization components included CPLEX 11.100 and AMPL 11.210.
B. Integrated Optimization Components
As indicated by the surface optimization architecture (See Figure 2 ), there were five optimization components included in the integrated simulation environment. The components were integrated sequentially, beginning with the Taxiway Planner, followed by the Runway Planner, Configuration Planner, Runway Assigner, and lastly the Gate Assigner.
The Taxiway Planner consisted of three modules: Taxi Route Assigner, Taxi Time Estimator, and Taxiway Planner. The Taxi Route Assigner assigned pre-defined taxi routes based on gate and runway assignments. The predefined taxi routes were based on the dominant taxi paths that were observed through surface surveillance data analysis. The Taxi Route Assigner was executed after the Gate Assigner and accepted the status_gate_assignment.txt file as input and then output the status_route.txt file. The Taxi Route Assigner was executed every 15 minutes (simulation time) and assigned routes to all flights within the two hour planning window that already had gate and runway assignments. The Taxi Time Estimator used the route and scheduled gate departure time to estimate the time at which a departure flight would reach the runway. The estimated time of arrival at the departure runway was recorded in the runway take-off time field, and was considered by the Runway Planner to be the earliest possible runway take-off time. The Taxi Time Estimator was executed after the Taxi Route Assigner and accepted the status_route.txt file as input and then output the status_estimate.txt file. The Taxi Time Estimator was executed every 15 minutes and estimated the earliest possible runway take-off time for all flights within the two hour planning window that had route assignments but had not yet been optimized by the Taxiway Planner. The third module, the Taxiway Planner, determined the optimization controls, specifically the controlled gate pushback times and RTAs for each node along the taxi routes. The Taxiway Planner was executed after the Runway Planner and accepted the status_runway.txt file as input and then output the status_response.txt file. The Taxiway Planner was executed every 15 minutes and set the gate pushback time (for departures), gate arrival time (for arrivals), and RTAs for all flights within a 15-minute planning window.
The Runway Planner was a two stage formulation model. In the first phase, the Runway Planner identified the optimal take-off/landing sequence based on aircraft weight class. In the second phase, the Runway Planner identified a feasible schedule that minimized costs by assigning flights to the optimal sequence. The Runway Planner used runway assignments, scheduled runway take-off times (for departures), scheduled runway landing times (for arrivals), and runway separation requirements to create the optimal runway schedule. The Runway Planner was executed after the Taxi Time Estimator and accepted the status_estimate.txt file as input and then output the status_runway.txt file. The Runway Planner was executed every 15 minutes and used a two hour rolling planning window in the first phase and a 45-minute planning window in the second phase. The Runway Planner set the runway take-off times (for departures) and runway landing times (for arrivals).
The Configuration Planner determined the optimal airport configuration for a given time period, and based on traffic and weather inputs, determined when the airport configuration should change in order to achieve maximum throughput. The Configuration Planner was integrated after the Taxiway Planner and Runway Planner but before the Runway Assigner and Gate Assigner. During this integration phase, the Configuration Planner was not using traffic data as an input, and the weather data was contrived for testing and debugging purposes. The Configuration Planner accepted the status_flight.txt and status_config.txt files as input and output the config_response.txt file. The Configuration Planner was executed every 15 minutes and used a six hour rolling planning window. Also, there was a minimum configuration change lead time of 30 minutes.
The Runway Assigner assigned runways based on the airport configuration, runway separation requirements, TRACON flight distances, and unimpeded taxi times. The two main optimization objectives of the Runway Assigner were to balance the runways and minimize fuel burn and emissions. The Runway Assigner was executed after the Configuration Planner and accepted the status.txt and config_response.txt files as input and then output the status_runway_assignment.txt file. The Runway Assigner was executed every 15 minutes and used a 20-minute rolling planning window.
The Gate Assigner had two main components: a preprocessor and an optimization module. The preprocessor controlled gate occupancy time, matched arrival-departure pairs, and checked the feasibility of the gate schedule. The optimization module assigned gates in order to minimize ramp congestion. The Gate Assigner was executed after the Runway Assigner and accepted the status_runway_assignment.txt file as input and output the status_gate_assignment.txt file. The Gate Assigner preprocessor was executed every 15 minutes and the optimization module was executed every 60 minutes.
C. TME Simulation Output Data
Several TME-specific airport local data collection (LDC) messages were used to evaluate the strategic surface optimization components. The most important messages were the Surface Flight State Messages, which were generated by the TME Airport ATC Agent for each surface flight at each simulation time tick. The Surface Flight State Message table contained detailed aircraft position information for every second a flight was on the surface, including latitude, longitude, altitude, ground speed, and surface graph location. The Runway Entry/Exit Messages and Gate Entry/Exit Messages, which were also generated by the TME Airport ATC Agent, were used to track runway and gate assignments as well as runway and gate occupancy time. Lastly, the Surface Undelayed Transit Time Messages generated by the TME Airport ATC Agent were used to track the undelayed or unimpeded taxi time of each flight.
The simulation output data was managed using MySQL databases and MATLAB scripts were developed for post-processing and analysis. Figure 6 below illustrates the MATLAB post-processing and analysis steps.
III. Detroit Metropolitan Wayne County (DTW) Surface Model
The integrated simulation environment was used to model surface operations at DTW. This effort required a customized airport surface model and a baseline demand scenario, both of which are described in detail below.
A. Airport Surface Model
TME surface modeling simulates individual aircraft movement using a link-node airport model (a.k.a. surface graph). The DTW link-node model had 715 nodes and 863 links describing the gates, ramps, taxiways, and runways. The speed limit restrictions in the DTW surface graph for the taxiway, ramp, and gate links were 25, 7, and 3 knots respectively. The DTW surface graph contained 158 gates assigned to various commercial, cargo, and general aviation airlines. For modeling purposes, the gates were grouped according to their physical proximity (see Figure 7 ) and airline-gate mappings were created based on published airport facility information ** . The DTW surface graph contained six runways (See Figure 8) 
Figure 6. Simulation Post-processing and Analysis Steps. After Running the ACES-TME simulation, the runtime messages were imported from MySQL databases to MATLAB. The simulation data was organized into a data structure and various metrics were calculated.
Three common DTW airport configurations were simulated including (21L, 22R | 21R, 22L), (3R, 4L, 4R | 3L, 4R), and (27L, 27R | 27L, 27R) † † . The (21L, 22R | 21R, 22L) and (3R, 4L, 4R | 3L, 4R) airport configurations were simulated under VMC operating conditions. The (27L, 27R | 27L, 27R) airport configuration was simulated under IMC operating conditions. † † Arrival pipe Departure format i.e., (21L, 22R | 21R, 22L) indicates 21L and 22R are arrival runways and 21R and 22L are departure runways. 
B. Demand Scenario
The flight schedule for 26-September-2006 was used as the baseline demand scenario in the evaluation. The baseline demand scenario data was validated using a low-level test, whereby the aggregated hourly flight schedule was compared to Aviation System Performance Metrics (ASPM) and surface surveillance data (see Figure 9 ).
For the 2006 baseline demand scenario and surface surveillance data sources, the number of operations per hour was tabulated based on runway take-off/landing times. For the ASPM data source, the number of operations per hour was tabulated based on the recorded actual departures and actual arrivals metric in the Airport Efficiency Daily Configuration by Quarter-Hour ASPM report. The line graph in Figure 9 above shows that the 2006 baseline demand scenario flight schedule is in general agreement with the recorded traffic data from 26-September-2006.
C. Baseline Simulation
In order to evaluate the optimization components, a baseline simulation had to be established. In the baseline simulation, runways were assigned using a simple alternating runway assignment algorithm; gates were assigned based on a greedy gate assignment algorithm ‡ ‡ ; routes were assigned using the Taxi Route Assigner; the Taxi Time Estimator was used to simulate realistic taxi out times; and the Runway Planner was using a First-come, first-served (FCFS) runway scheduling algorithm. The Taxiway Planner was not used in the baseline simulation. The Configuration Planner was used in the baseline simulation; however, the airport configuration remained static throughout the entire 24-hour simulation period. The airport configuration in the baseline simulation was set up to emulate the actual configuration on 26-September-2006. The baseline simulation was validated by comparing the hourly departure and arrival counts and hourly average taxi out and taxi in times resulting from simulations with ASPM data. The validation results of the baseline simulation are shown below in Figure 10 . ‡ ‡ In the greedy gate assignment algorithm, gates were assigned such that unoccupied gate time was minimized 6 .
Figure 9. Flight Schedule Comparison. The baseline demand scenario data was validated by comparing the aggregated hourly flight schedule against recorded traffic data.
With respect to hourly departure counts, the results from the baseline simulation are in general agreement with ASPM data. With respect to hourly arrival counts, the results from the baseline simulation are lower during peak hours compared to ASPM data; however, the overall shape of the plots is similar. In the baseline simulation, airport acceptance rates are determined based on projected landing/take-off times and the user-defined runway separation requirements. One explanation for the lower arrival rates in the baseline simulation is that the runway separation requirements might be more conservative than those observed in actual operations. With respect to hourly average taxi out time, the results from the baseline simulation are 8% longer on average during the peak traffic period between 06:00 and 22:00. With respect to hourly average taxi in time, the results from the baseline simulation are 1% longer on average during the peak traffic period. Overall, the validation results suggest that the baseline simulation is an acceptable representation of current-day operations. 
IV. DTW Surface Optimization Evaluation Results
The collective impact of the Taxiway Planner (TP), Runway Planner (RP), Runway Assigner (RA), and Gate Assigner (GA) was assessed using a simulation in which all of the components were employed using their full optimization strategies. In the following results discussion, the full simulation is referred to as TP/RP/RA/GA. As an overall comparison, the aggregate data summaries for the baseline and TP/RP/RA/GA simulations are shown in Tables 1 and 2 below. In both simulations, there were 647 arrival flights and 657 departure flights in a 24-hour simulation period. Taxi delay is defined as the difference between the actual taxi time and the unimpeded taxi time. The Taxiway Planner used a gate holding strategy to minimize taxi time and the gate holding time reported in Table  1 is defined as the difference between the originally scheduled gate pushback time and the optimized pushback time. There is no gate holding time in the baseline simulation since the Taxiway Planner was not used and there is no gate holding time reported in Table 2 because arrivals are not held at the gate.
According to these results, a 54% reduction in average taxi out time and a 8% reduction in average taxi in time can be observed in the TP/RP/RA/GA simulation. The average taxi out delay in the TP/RP/RA/GA simulation was 10.65 minutes less than the delay observed in the baseline simulation. The taxi out delay savings were offset by the additional gate holding time. The tradeoff between decreasing taxi out delay and increasing gate holding time is defensible since a reduction in taxi delay will also lead to a significant reduction in fuel burn, noise, and emissions 2, 8 . The average taxi in delay in the full optimization simulation was 0.82 minutes (or approximately 49 seconds) more than the delay observed in the baseline simulation.
The simulation results were also used to evaluate surface movement efficiency. The taxi out delay reduction observed above in Table 2 suggests that flights in the TP/RP/RA/GA simulation experienced fewer holds while taxiing, but there is no indication of where on the airport surface the holds were alleviated. The optimization strategy of the Gate Assigner had the potential to improve surface movement efficiency in the ramp area and the optimization strategy of the Taxiway Planner had the potential to improve surface movement efficiency in the departure runway queuing area. The detailed position and speed information recorded throughout the simulation was used to assess the severity of holds in both these areas. When aircraft were forced to stop on a link due to congestion, the amount of time they spent stopped was used as a metric to assess the severity of holds. The results of this assessment are shown below in Figure 11 . According to these results, in the TP/RP/RA/GA simulation there were fewer locations where aircraft were held in both the 22L departure runway queuing area and north lower ramp area. In the baseline simulation, there were more locations where aircraft had to stop, which suggests that traffic moved more efficiently in the TP/RP/RA/GA simulation.
To assess the individual impact of the Taxiway Planner, Runway Planner, and Runway Assigner, each of these components was excluded from the simulation while the others were employed using their full optimization strategies. For example, to assess the individual impact of the Taxiway Planner the results of the TP/RP/RA/GA simulation were compared against the results of a RP/RA/GA simulation. Similarly, the individual impacts of the Runway Planner were assessed using a TP/RA/GA simulation, and the individual impacts of the Runway Assigner were assessed using a TP/RP/GA simulation. In the TP/RA/GA simulation, the Runway Planner was replaced with the same FCFS runway scheduler that was used in the baseline simulation. In the TP/RP/GA simulation, the Runway Assigner was replaced with the same simple alternating runway assigner that was used in the baseline simulation. The aggregate data summaries for all of these simulations are shown in Tables 3 and 4 below. 
Runway Queue
According to these results, the Taxiway Planner had the most significant effect on taxi out time and taxi out delay. In the RP/RA/GA simulation, the Taxiway Planner was excluded and average taxi out time increased by approximately 173%, and average taxi out delay increased by more than 2000%. Average taxi in time and taxi in delay were lower in the RP/RA/GA simulation indicating that the Taxiway Planner had a slightly negative effect on the arrival operations. The taxi in time difference was less than 8 seconds and the taxi in delay difference was less than 45 seconds; which, compared to the significant reduction in taxi out time and taxi out delay, seems like a reasonable tradeoff.
In the TP/RP/GA simulation, the Runway Assigner was excluded and all of the taxi time measurements were higher compared to the TP/RP/RA/GA simulation. This indicates that the Runway Assigner had a positive effect on arrivals and departures. With respect to departures, average taxi out time and average taxi out delay increased by approximately 1% and 12% respectively; and average gate holding time increased by approximately 21%. With respect to arrivals, average taxi in time and average taxi in delay increased by approximately 11% and 6% respectively.
In the TP/RA/GA simulation, the Runway Planner was excluded and all of the taxi time measurements were lower compared to the TP/RP/RA/GA simulation. This indicates that the Runway Planner had a negative effect on arrivals and departures. Most notable was the reduction in gate holding time, which decreased by 34% or 4.2 minutes. The Runway Planner was designed to increase runway throughput in situations where the traffic density is high and the runway operations are dependent 3 . Neither one of these conditions was simulated in this particular DTW case study. The dedicated arrival and departure runways were not dependent in this DTW case study, and the traffic density in the 26-September-2006 demand scenario was relatively low. As shown in Ref. 3 , the FCFS runway scheduler performs better when the traffic density is low and that would explain why delay was higher in the TP/RP/RA/GA simulation compared to the TP/RA/GA simulation.
Since the Runway Planner was detracting from the synergistic effects of the other optimization components, it was replaced with the FCFS runway scheduler from the baseline case, and the impact of the Taxiway Planner and Runway Assigner were reassessed. The aggregate data summaries for the simulations with the FCFS runway scheduler are shown in Tables 5 and 6 below.
According to these results, the RA/GA simulation had lower taxi time measurements across the board compared to the baseline simulation. Average taxi out time and average taxi out delay were approximately 4% and 5% lower respectively. Average taxi in time and average taxi in delay were approximately 13% and 24% lower respectively. When the Taxiway Planner was added to the integrated simulation environment, average taxi out time and average taxi out delay went down an additional 54% and 95% respectively. As stated before, the taxi out delay savings are offset by the additional gate holding time. However, a 27% reduction can still be observed when comparing the average taxi out delay of 11.46 minutes in the baseline case against the combined delay of 8.39 minutes (taxi-out delay plus gate holding delay) in the TP/RA/GA simulation. The individual impact of the Gate Assigner was not assessed in this evaluation due to simulation issues that could not be resolved before this paper was published. Several attempts were made to run the simulation without the Gate Assigner and each time there were severe gridlock situations that led to unrealistic taxi time measurements. It is postulated that the gridlock situations manifested as a result of incongruous operational assumptions defined within the simulation and the optimization components.
V. Summary and Recommendations for Future Work
Airport surface operational constraints are one of the biggest factors limiting National Airspace System (NAS) capacity 9, 10, 11 . By developing a better understanding of these constraints and continuing surface optimization research, the goal of achieving efficient surface operations is advanced. This paper described how an integrated simulation environment was used to evaluate surface optimization techniques that were applied to a DTW airport surface model. ACES-TME is a suitable platform for evaluating the collective impact of future surface optimization concepts and for assessing their individual benefits. The TME plug-and-play software architecture allowed for the integration of the following strategic optimization components: Taxiway Planner, Runway Planner, Configuration Planner, Runway Assigner, and Gate Assigner. The collective impact of the Taxiway Planner, Runway Planner, Runway Assigner, and Gate Assigner was evaluated and the results indicate there is a potential for reducing taxi time and taxi delay with surface optimization techniques. After assessing the individual impacts of each component, it was determined that the Taxiway Planner provided the most benefit in terms of reducing taxi out time and taxi out delay. In addition, it was determined that the Runway Planner detracted from the synergistic effects of the other optimization components and that a FCFS runway scheduler was sufficient for current-day traffic loading. Finally, it was determined that the Runway Assigner provided benefits in terms of reducing taxi time and delay for arrivals and departures.
In future surface optimization research, the Configuration Planner could be evaluated using the ACES-TME simulation platform. This evaluation could show how well the surface optimization components perform under offnominal conditions. Future work could also address the robustness of the surface optimization solutions to larger traffic scenarios as well as stochastic scenarios. In this research effort, the optimization components were executed every 15 minutes of simulation time, and the status files contained flight information for a two hour planning window. Future research efforts could investigate the sensitivity of the optimized solution when different execution frequencies and planning horizons are used. Finally, identifying the advancements in surveillance technology, communication technology, and navigation technology that would be necessary in order to realize the benefits of surface optimization could be investigated in future research efforts.
